We present spectroscopy of a single Rydberg atom excited within a Bose-Einstein condensate. We not only observe the density shift as discovered by Amaldi and Segrè in 1934 [1], but a line shape which changes with the principal quantum number n. The line broadening depends precisely on the interaction potential energy curves of the Rydberg electron with the neutral atom perturbers. In particular, we show the relevance of the triplet p-wave shape resonance in the e --Rb(5S) scattering, which significantly modifies the interaction potential. With a peak density of 5.5×10 14 cm -3 , and therefore an inter-particle spacing of 1300 a 0 within a Bose-Einstein condensate, the potential energy curves can be probed at these Rydberg ion -neutral atom separations. We present a simple microscopic model for the spectroscopic line shape by treating the atoms overlapped with the Rydberg orbit as zero-velocity, uncorrelated, point-like particles, with binding energies associated with their ion-neutral separation, and good agreement is found.
A Rydberg atom excited in a dense background gas of atoms provides a testbed of Rydberg electron-neutral atom collisions. Spectroscopy has always been a sensitive technique for studying these collisions and in particular spectroscopy performed in a cold, dense atom sample eliminates most other line broadening mechanisms, thereby isolating the effects of elastic and inelastic electron-neutral atom collisions on the line shape. The realization of ultralong-range Rydberg molecules via elastic electronneutral collisions [2] relies on cold, dense atom samples. Since the first observation [3] , Rydberg molecules continue to be realized with increasing experimental control in various potential energy landscapes and atomic species [3] [4] [5] [6] [7] [8] [9] [10] , where the neutral atom ground state wavefunction is typically bound in the outer one or two potential wells of the electron-atom potential energy curves (PECs). By applying an electric field [11] or by exciting nS states with nearly integer quantum defects, as in Cs [12] , more deeply bound trilobite Rydberg molecules [2] are realized. With higher densities of cold atom samples, many neutral atoms overlap with the Rydberg orbit and the bound states become unresolvable [13, 14] . By utilizing the high densities of a Bose-Einstein condensate (BEC), the neutral atoms within the Rydberg orbit provide a probe of elastic and inelastic electron-neutral collisions for a large range of ion-neutral separations. We show in this paper that Rydberg spectroscopy in a BEC allows us to probe, with high resolution, the scattering resonance directly for the first time in this temperature regime.
In a completely different temperature regime (> 400 K) than the work presented here (< 1 µK), Rydberg spectroscopy done during the 1980s in unpolarized thermal vapors investigated the line shift and line broadening of Rydberg atoms excited in a background gas of the same species atoms at similar densities [15, 16] . Subsequent theory work [17] [18] [19] [20] modeled the line shapes by taking into account the scattering resonance and an interplay of elastic and inelastic collisions.
In this work we present a comprehensive experimental and ab initio theoretical study of the nature of the line shape broadening associated with a Rydberg atom immersed in a BEC. In particular it is found that elastic electron-neutral scattering near the crossing of the nS and the butterfly shape resonance potential curves [21] dominate the line broadening behavior. The agreement between the simulated line shapes and spectra of the Rydberg BEC spectroscopy also demonstrates that this spectroscopy is a probe of the PECs over a large range of inter-nuclear separations, offering a tool for testing theoretical PECs.
The interaction of a Rydberg atom with a neutral atom located inside the classical Rydberg orbit can be modeled by means of the quasi-free electron picture, developed by Fermi [22] in order to explain the line shift of Rydberg atoms in a buffer gas [1] . The original idea of Fermi was to describe the electron-atom interaction with a delta-function potential proportional to the scattering length, the so-called Fermi pseudopotential, which in atomic units is given by
where r denotes the electron position and R the perturber position, with respect to the Rydberg ionic core, and a[k(R)] represents the energy dependent electronperturber scattering length. For a given electron energy = −1/(2n * 2 ), where n * is the effective principal quantum number, the electron-atom collision energy is k 2 (R)/2 = + 1/R. The Fermi pseudopotential turns out to be adequate for low-energy electrons, i.e., highly excited Rydberg states. However, in some systems the electron can be momentarily trapped due to the existence of shape resonances, thus The red color indicates the S-character of the state and therefore the probability to excite into this state due to the selection rules. The butterfly shape resonance [21] has an anticrossing with the 40S + 5S at around 1200 a 0 . Neutral perturbers inside this region can shift the resonance frequency tens of MHz or more, therefore causing significant spectral broadening. The left inset shows a 2d cut trough the electron density of a butterfly state at 1175 a 0 . The right inset is a zoom in on the crossing of the shape resonance and the 40S + 5S state.
Eq. (1) needs to be extended. Here, we study the case of 87 Rb, which is known to have a shape resonance in the 3 P 0 symmetry for e --Rb(5S) scattering at 0.02 eV [17] . The method developed by Omont [23] is employed to generalize the Fermi pseudopotential including the p-wave shape resonance. Omont's approach is based on approximating the zero-range pseudopotential with an l-expansion of the R-matrix. For the system at hand, only s-wave and p-wave partial waves are necessary to characterize accurately the Rydberg-perturber interaction energy landscape,
where δ P [k(R)] stands for the triplet p-wave scattering phase shift of e --Rb(5S). The arrow indicates that this should be read as an operator on the wavefunction, acting in the indicated direction.
Here, degenerate perturbation theory has been applied to calculate the Born-Oppenheimer PECs for the electronatom interaction, as shown in Fig. 1 . In particular for the representation of the Rydberg-perturber potential given by Eq. (2), a hydrogen-like basis for high angular momentum states has been used, whereas the Whittaker functions [24] have been utilized for low angular momentum states, thus taking into account the quantum defects. In each diagonalization eight different n-manifolds have been included as well as their respective angular momentum states; in particular two of them are above the target state and six are below, taking into account the correct energy ordering of the states due to the quantum defects. The numerical results have been tested against the Green's function formalism [21] and the PECs are consistent even at intermediate ion-neutral separations, where the nS state crosses the shape resonance potential. To verify the accuracy of the PECs at long range the resulting binding energies were compared to accurate spectroscopy data. In addition, for lower nS states, we carried out test calculations including the spin-orbit interaction between the Rydberg electron and the perturber, and found only small deviations from the present results. This is in agreement with a previous investigation by A. Khuskivadze et al. [25] . The experiment carried out and presented here to probe the PECs, utilize a single Rydberg atom in an almost pure spin polarized BEC of approximately 1.5×10 6 87 Rb atoms in the magnetically trapped ground state |5S 1/2 , F = 2, m F = 2 . The trapping frequencies of the QUIC trap [26] are ω r = 2π×200 Hz in the radial and ω ax = 2π×15 Hz in the axial direction corresponding to Thomas-Fermi radii of 5.0 µm by 66 µm shown in Fig. 2 . The atom number and trap frequencies give rise to a peak density of the BEC of 5.5×10 14 cm -3 . For the Rydberg excitation we apply a two-photon excitation scheme, where we couple the ground state to the |nS 1/2 , m S = 1/2 state for principal quantum numbers n from 40 to 111, via the intermediate state 6P 3/2 . For the lower transition we illuminate the cloud along the axial direction with pulsed 420 nm light, 2 mm in waist, to ensure a uniform Rabi frequency across the entire cloud. We use an intermediate state detuning of ∆ = 80 MHz ≈ 56 Γ in order to keep absorption and heating of the BEC, due to scattering of the 420 nm light, low. The upper transition to the Rydberg state is driven by an infrared laser with an n-dependent wavelength between 1011 nm and 1019 nm, focused down to a (2.1±0.3) µm waist. The 420 nm excitation light is circularly polarized is plotted versus the theory with s-wave scattering components only (dashed blue) and the accurate PEC including also p-wave components (red) of the nS + 5S system, which includes the shape resonance. The zero detuning point is set by measuring the spectral position of the atomic line in a low density of 10 12 cm -3 and 20 µK thermal cloud where density and interaction effects can be neglected. The long tail to far red detuning and the signal at positive detuning taken at 40S can only be explained by taking the p-momentum components into account and therefore the shape resonance.
(σ + ), and the infrared light is set to have linear polarization along the x-axis perpendicular to the magnetic field in the y-direction. We pulse both excitation lasers simultaneously for 2 µs, with a repetition rate of 2 kHz to create nS Rydberg atoms, which we subsequently electric field ionize within 400 ns after the light fields turn off. The field strength is set to be three times the ionization threshold field for the respective nS-states, in order to also detect the Rydberg atoms that undergo inelastic state-changing collisions [27, 28] . The ions are detected by a microchannel plate detector with an efficiency of 0.7.
For the data shown in Fig. 3 the two-photon, single-atom Rabi frequency of 250 kHz is kept constant for all the spectra by increasing the power of the infrared laser for higher Rydberg states, except for 40S where the power of the infrared laser was twice as high. For the overall highest ap- with s-wave (blue) momentum components of the Rydberg electron only and including p-wave scattering (red). As an example particles (dots) are placed according to a Poissonian density distribution corresponding to a density of 5×10 14 cm -3 resulting in a shift of the resonance of -25.5 MHz for s-wave scattering only (blue dots) and -64.2 MHz including also p-wave scattering (red dots). The mean inter-particle separation at this density is 1300 a 0 .
plied laser power, the trap depth of the time-averaged optical potential for this laser is about 100 nK, which is less than the temperature of our BEC (300 nK). The almost rectangular excitation pulse shape results in an excitation bandwidth of 450 kHz (FWHM). We choose a low singleatom Rabi frequency to minimize the probability of creating multiple Rydberg excitations within the BEC. Each point in the spectra represents 500 measurements, taken in 10 different clouds, to improve the signal-to-noise ratio. The mean atom number for each cloud within the 50 shots was 1.4×10 6 BEC and 0.3×10 6 thermal atoms with a temperature of 300 nK.
The sharp peaks visible in the experimental data at small red detuning in the 40S and 53S spectra are due to the formation of Rydberg-ground state molecules [29] and indicate the spectral resolution that we are sensitive to. The overall broad spectral feature is mainly signal from the Rydberg excitations in the BEC. Taking the peak density, ρ = 5.5×10 14 cm -3 , of our BEC into account, in combination with the mean field density shift introduced by Fermi [22] , one expects a maximum in the signal around -55 MHz. The spectroscopic data show, however, a pronounced n-dependent line shift and broadening extending the signal to much larger red and blue detuning.
In Fig. 4 the accurate potential, which includes s-and pwave scattering and therefore the shape resonance is compared to the potential that incorporates only s-wave scattering. At our peak densities the mean inter-particle distance is 1300 a0, which is comparable to the p-wave resonance position relative to the ionic core of the Rydberg atom. At the time of the excitation of a nS + N× 5S state, where N is the number of the neutral atom perturbers within the Rydberg orbit, there is a high probability of finding one atom close to crossing of the nS state and shape resonance potential. It is apparent that atoms excited at the crossing have a strong impact on the line shape broadening as observed in the experimental and modeled spectra shown in Fig. 3 . The position of the crossing of the shape resonance potential with the nS state stays within 1200 a 0 for n = 40 and the asymptotic value of approximately 2000 a 0 for high n, whereas the slope of the crossing scales as n * -4 for the investigated principal quantum numbers. Therefore the line shape broadening is n-dependent, and more severe for lower quantum numbers.
To calculate the modeled spectra of Fig. 3 , atoms are placed randomly at positions r i according to the measured bimodal distribution in the experiment. The BEC is assumed to have a perfect Thomas-Fermi distribution as shown in Fig. 2 , whereas the thermal cloud has a Gaussian profile according to the measured trap frequencies and temperature. All atoms are treated as spatially uncorrelated assuming T = 0. For every atom in the sample the shift, δ i , from the atomic resonance is calculated by
using the atoms located at r j surrounding the Rydberg atom r i . These atoms are treated as point-like particles in the nS + 5S potential V as shown in Fig. 4 . The spectrum S(δ) is finally calculated by summing over all Lorentzian contributions of each atom, taking into account its shift δ i , the excitation bandwidth Γ, and the spatially varying excitation laser intensity I i = I( r i ) relating to the incoherent excitation rate in our system. Rydberg blockade effects [30] are neglected since the mean ion count rate is well below one in the area of interest. Each simulated spectrum is averaged over several atom configurations and normalized with a factor a to have the same S(δ)dδ compared to the experimental data.
There are no free parameters used for the simulation.
Comparing the experimental data and the simulated spectra of Fig. 3 , the significance of the p-wave scattering, and therefore the crossing of the nS state with the shape resonance potential, is apparent. Only by including the shape resonance, the long tail of the spectra towards red detuning and the signal at blue detuning are modeled correctly. The signal at blue detuning comes from atoms excited on the upper branch of the nS and shape resonance crossing (see Fig. 4 for 500 a 0 < r < 1200 a 0 ). The Rydberg molecular lines, especially visible in the 40S and 53S spectra, cannot be reproduced by evaluating the PECs with classical point-like particles. For higher principal quantum numbers, the theory spectra show too much signal between -70 and -40 MHz. The spectra taken show that Rydberg atoms with a detuning in this range are not shifted as much as the theory predicts, leading to an underestimated theory signal between -40 and 0 MHz. There are several simplifications in the model, which could lead to these discrepancies at intermediate detunings. All atoms are treated as point-like particles and their wave character, relevant at these low temperatures, is neglected. In addition the atom distribution is assumed to be bimodal and uncorrelated, i.e. bunching is not taken into account for finite temperatures [31] . It was verified that spin-orbit coupling does not alter the spectra modeled for low n states, but it could play a role for the modeled spectra for higher n. It could also be that the pairwise PECs are not valid any more if a neutral atom is excited within the crossing. In the model we neglect any resulting backaction on the electron density and therefore the PECs. Since the position of the crossing changes with n, the mean number of atoms close to the resonance changes also from 0.3 at n = 40 to 1.1 at n = 111 for the peak densities in the BEC.
Our model simulates the microscopic electron-atom interactions inside the Rydberg orbit. Such a microscopic model, in contrast to the models employed in the previous theory work [17] [18] [19] [20] , lends itself to modeling the dynamics of the neutral atoms within the Rydberg atom. We expect that at the cold temperatures realized in this experiment (< 1 µK), the neutral atom perturbers will evolve in the PECs presented here, leading to a limitation of the collision lifetime of Rydberg atoms excited in dense media [13, 32] . The evolution of the perturbing neutral atom wavefunction in the shape resonance potential is a new aspect to utilizing Rydberg excitations in dense, cold media. These dynamics must be considered for future proposals relying on utilizing a Rydberg atom in a BEC [33] [34] [35] . We have shown that the line broadening of the Rydberg levels in an ultracold and dense media is a direct manifestation of the underlying Rydberg-perturber PECs, by accounting only for elastic e --Rb(5S) scattering. In this range of n-values, inelastic collisions do not, seemingly, lead to significant line broadening.
The results presented are based on previous understanding of scattering events starting with Fermi [22] and leading to a mean-field energy shift [13, 14] . But to explain the high resolution spectra taken here in a BEC with very high densities, the potential energy curves including s-and pwave scattering has to be taken into account and therefore the shape resonance in Rb. The present model indicates that in systems free of p-wave resonances, for instance in Sr, the many-body approach of the mean-field energy shift will be a suitable tool for describing the physics of the interaction between the Rydberg and the BEC. Finally, it is shown that such Rydberg spectroscopy in an ultracold and dense environment, is a tool for testing potential energy curves for electron-atom interactions and the scattering phase shifts.
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